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COMPARISON  OF  NOTCH-STRESS  WITH  STRAIN-CONTROLLED  LOW  CYCLE 
FATIGUE  OF  ALPHA-BETA  TITANIUM  ALLOYS 


I NTRODUCT l ON 

This  report  is  to  document  a  measure  of  progress  in  an  NRL 
program  seeking  improved  fatigue  resistance  of  titanium  alloys 
for  Naval  jet  engine  parts.  That  large  improvements  in  crack 
propagation  resistance  are  possible  has  been  demonstrated  by 
Yoder  et  at.  [1],  who  found  increasing  grain  size  to  be  benefi¬ 
cial.  Since  increased  grain  size  tends  to  reduce  crack  initia¬ 
tion  resistance,  present  authors  are  collaborating  in  a  program 
to  assess  its  effect,  as  well  as  that  of  oxygen  content,  on  low 
cycle  fatigue  (LCF )  crack  initiation.  To  this  end,  Krafft  has 
conducted  tests  on  strain-controlled  LCF,  covering  the  range  of 
endurance  up  to  103  cycles  [2j.  The  long  cycle  period  of  the 
mechanical  testing  machine  which  was  used  precluded  data  in  the 
1  03  to  10®  cycle  range.  To  cover  this,  Yoder  et  al.  have  tested 
the  same  materials  in  notched  tensile  specimens  under  load  con¬ 
trol,  using  high  speed  electro- hydraulic  servo  type  machines 
[3].  The  object  of  this  report  is  to  display  both  sets  of  data 
together  and  to  suggest  a  basis  for  their  inter  comp  a  r i son. 

MATERIALS  AND  TESTS 

The  alloys  used  are  all  of  the  Ti-6AI-4V  system.  Four 
25. 4  mm  (1  in.)  plates  had  been  purchased  with  differing  levels 
of  interstitial  oxygen.  Specimens  from  each  of  the  four  plates 
were  provided  a  grain  coarsening  anneal  at  temperatures  above  the 
beta  transus.  In  addition,  the  h i gh e s t-oxy ge n  material  was 
tested  in  its  as-received  condition  as  well  as  after  a  recrystal¬ 
lization  anneal,  both  relatively  fine  grained.  Repeated  from  the 
earlier  reports,  chemical  analyses  and  heat  treatment  schedules 
and  various  mechanical  properties  are  shown  in  Tables  I,  II  and 
III  respectively. 

The  material  tested,  specimens  and  manner  of  fatigue  testing 
were  described  in  the  earlier  reports.  Briefly  here,  the  strain 
controlled  tests  were  performed  in  a  screw-driven  Instron 
machine,  using  small  threaded  *dog-bone"  shaped  tens i on-compres¬ 
sion  specimens,  aligned  in  a  subpress.  Uniform  head  speed  be¬ 
tween  s t r a i n - I imi t i ng  stops  provided  a  roughly  triangular  load¬ 
ing-wave  form,  of  period  about  40  seconds  per  cycle.  Crack  init¬ 
iation  was  associated  with  changes  in  amplitude  and  form  of  the 
cyclic  s t r e s s -s t r a i n  curve. 

For  the  tests  of  higher  cyclic  life,  an  MTS  electro- 
hydraulic  servo  machine  was  employed,  using  load  control  and  a 
sinusoidal  loading  wave  form.  For  the  earlier  tests  on  the  0.020% 
oxygen  material  a  loading  frequency  of  1  Hz  was  applied.  Later 
with  availability  of  a  high  speed  machine,  20  Hz  was  applied  to 
the  three  alloys  of  lower  oxygen  content.  Specimens  were  of  the 
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IT  VIOL  compact  type  with  a  half-height  to  width  ratio  of  0.486, 
as  described  by  Saxena  and  Hudak  [4].  These  were  notched  with  a 
2.4  mm  (3/32  in)  slot  to  a  relative  depth  of  a/W*0.45,  and 
bottomed  with  a  finely  honed  end  radius  of  1.S9  mm  (.0625  in). 
Difficulty  experienced  in  machining  a  suitable  notch  in  specimens 

Table  I  —  Chemical  Analyses 


Contem  (wt-%) 


C  H 


0.0050 


.0069 


0.00S8  8.9 


0.0060  9.2 


Note:  At*  is  the  aluminum  equivalent 


+  —  +  10  (O  +  C  +  2N). 


Table  II  —  Heat  Treatments  for  Ti-6AI-4V 


Heat  Treatment 
Type 


Specification* 


MA 

788*C.  1  h  /AC  (as  received) 

RA 

954*C,  4  h/HC  @  180*C/h  to  760°C/AC 
@  370‘C/h  to  482*C/AC 

BA 

1038°C,  0.5  h/HC  to  RT  +  732*C,  2  h/AC 

‘Anneals  performed  in  vacuum  furnace;  h  “  hour,  WQ  —  water  quench,  FC  —  furnace  cool, 
HC  —  cooled  in  He  @  approx,  air  cooling  rate  ,  AC=air  cool , 


Table  HI  —  Mechanical  Properties 


0  7*  Yield 


Strength 

.Orientation  cr. 


Wt-% 

Oayten 


No  Type 


Yount's 

Modulus 

Reduction 

E 

in  Area 

(GPa) 

(%> 

130 

IK) 

26 

■  IT 

16 

120 

1) 

III 

19 

Effective)  Ni 
Crain 
Site 


at  full  25  mm  (one  inch)  thickness  was  lessened  by  parting  the 
plate  to  provide  a  specimen  thickness  of  10  mm  (0.4  in).  Crack 
initiation  and  early  growth  was  monitored  visually  with  a 
travelling  microscope.  Notch  stress  was  calculated  using  an 
elastic  stress  concentration  factor  for  this  configuration  [5], 
resulting  in  a  maximum  notch  stress  of  64  psi  per  pound  of 
applied  load  whereas,  by  virtue  of  its  small  4.32  mm  (0.170  in.) 
diameter,  the  tensile  coupon  developed  a  uniform  stress  of  44  psi 
per  pound  of  axial  load. 

The  compact  tension  specimens  were  loaded  only  in  tension, 
unloading  to  10%  of  maximum  load,  R  =  0.1.  This  contrasts  with 
the  strain  controlled  cycling  in  which  tensile  straining  is  re¬ 
stored  by  plastic  compression  for  an  effective  stress  ratio  R  =  - 
1.  The  direction  of  tensile  stressing  was  the  same  in  both, 
i.e.,  the  long  transverse  direction. 

DISPLAY  OF  BOTH  DATA  SETS 


Differences  in  the  manner  of  normalizing  endurance  values 
precludes  direct  comparison  of  the  usual  LCF  data  plots  of  these 
two  test  methods.  Tension-compression  LCF  data  is  normally  re¬ 
ferred  to  plastic  or  total  strain  excursion,  whereas  notch  fa¬ 
tigue  data  is  associated  with  the  notch-stress  excursion.  Since 
a  measure  of  stress  excursion  is  also  available  in  the  strain 
controlled  test,  it  can  be  compared  with  the  notch-stress  excur¬ 
sion.  Leis,  et  al  [6]  find  close  correspondence  between  smooth- 
specimen  and  notch-root  fatigue  endurance  when  the  strain  excur¬ 
sion  in  each  is  used  as  a  basis  of  comparsion.  Since  uniaxial 
cyclic  stress-  and  strain-excursion  are  uniquely  related,  corre¬ 
spondence  with  the  stress  excursion  might  be  expected  in  regions 
of  small  plastic  flow,  where  the  elastic  stress  concentration 
factor  is  applicable.  Thus  in  the  data  display,  Figure  1,  maxi¬ 
mum  or  total  tensile  stress  excursion  in  both  kinds  of  tests  is 
used  as  the  basis  of  comparsion.  For  the  strain  controlled  LCF, 
the  maximum  tensile  stress  excursion  reached  in  the  early  cycles 
of  fatigue,  as  measured  on  each  test  record  and  corrected  to  true 
stress,  is  plotted  for  each  endurance  value.  For  the  notch-- 
stress  controlled  LCF,  the  calculated  (maximum)  notch  stress 
excursion  is  plotted.  It  does  appear.  Figure  1,  that  the  com¬ 
bined  data  sets  could  represent  a  continuous  trend,  except  for 
the  notch  tests  at  highest  load  levels*  Exceptional  endurance 
here  could  result  from  the  plastic  flow  amelioration  of  the 
elastic  stress  concentration  factor.  As  discussed  later,  the 
lines  drawn  through  the  data  derive  from  the  cyclic  s t r e s s -s t r a  i  n 
curve  of  each  material. 

COMPARSION  OF  BOTH  DATA  SETS 


The  basis  of  comparsion  used  here  is  a  cumulative  tensile 
creep  damage  criterion  resulting  from  the  earlier  strain  con¬ 
trolled  LCF  study  [2].  Here  it  was  noticed  that  some  of  the 
titanium  a  I  I oy /cond i t i ons  exhibited  markedly  superior 
endurance.  Cof f i n-Manson  type  plots  of  plastic  strain  excursion 
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TOTAL  STRESS  EXCURSION  -  A v  (  GPo) 


FATIGUE  ENOURANCE-Ni  {  cycles  to  initiation ) 

Fig.  1  —  Fatigue  crack  initiation  life  relative  to  the  total  (tress  excursion, 
for  both  strain  and  stress  controlled  tests  show  consistency.  The  connect¬ 
ing  curves  are  transient-creep-based  life  factor  values  from  Fig.  3. 
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vt.  endurance  showed  a  bowing  upward  and  to  the  right  of  the 
usual  straight-line  trend  in  logarithmic  coordinates.  It  was 
noticed  of  the  better  performers  that  the  shape  of  the  cyclic 
hysteresis  loops  exhibited  a  characteristic  evolution  with 
cycling.  Cyclic  softening  in  the  early  part  of  a  given  cyclic 
excursion  appeared  to  be  restored  by  increased  strain  hardening 
in  the  latter  part,  resulting  in  an  "inversion*  in  strain  harden¬ 
ing  rate.  It  was  thought  that  the  enhanced  terminal  strain 
hardening  rate  might  increase  endurance  by  reducing  the  amount  of 
stress-relaxation-induced  creep  strain  during  the  tension  hold  of 
each  cycle.  Tensile  creep  is  known,  after  Halford  et  al.  [7],  to 
be  the  most  damaging  type  of  cyclic  straining,  from  strain  range 


partitioning  analysis.  In  developing  this  hypothesis,  a  damage 
factor  proportional  to  the  cyclic  creep  per  cycle,  or  its  inverse 
as  an  LCF  life  factor  L,  was  found  to  correlate  nicely  with  the 
trends  in  crack  initiation  life  of  the  various  materials. 


From  this  work,  the  s t r e s s -r e I  a xa t i on- i n du c e d  creep  strain, - 
is  approximately 


iEc  = 


(l  +  tH  /  )  /  (9„/  Oy-1  ) 


where  m  is  the  stress  relaxation  exponent,  tL  and  tH  are  loading 
and  hold  times  of  the  straining  (loading)  cycle,  Op  and  Oj  are 
true  values  of  the  tensile  plastic  strain  hardening  rate  and  of 
the  stress  at  the  tensile  extreme  of  the  cyclic  stress  strain 
curve.  The  criterion  for  crack  initiation  is  that  the  summation 
of  creep  strain  (per  cycle)  reaches  a  critical  level,  ,  a  con¬ 
stant  of  the  material,  independent  of  the  cyclic  strain  range. 
In  cases  of  a  non-e  vo  I  vi  ng,  stable  form  of  the  cyclic  stress 
strain  curve,  the  tensile  creep  strain  in  each  cycle  is  constant, 
due  the  stability  of  0p  and  oj.  In  this  case 


•  ec  /  Ae6  ~  (0  /  oT  -  1)  s  L 


where  Nj  is  the  number  of  cycles  to  crack  initiation  and  L, 
called  the  LCF  life  factor,  is  a  function  (only)  of  the  form  of 
the  cyclic  stress  strain  curve,  as  illustrated  in  Figure  2.  In 
Ref.  [2],  a  slightly  different  value  of  the  coefficient 
(L  -  0  /o j  -  /?/ 2  )  was  used.  The  unit  value  is  used  here 
because  it  is  simpler  and  has  no  significant  effect  on  the 
results.  With  the  unit-value  coefficient,  L  is  simply  the 
stress-relative  plastic  strain  hardening  rate  of  the  material. 
In  cases  where  the  curve  form  "evolves*  with  cycling,  an  average 
value  of  L  is  found  by  summing  its  reciprocal,  as  a  cumulative 
damage  index,  over  the  cyclic  life.  In  these  titanium  alloys, 
the  inversion/shift  in  0p  values  with  cycling  appears  to  saturate 
at  a  constant  level  of  a  value  which  has  little  effect  upon  the  L 
value  in  the  higher  cyclic  life  (high  0)  range.  This  fact  is 
useful  in  that  it  allows  an  LCF  life  factor  curve  to  be  obtained 
by  scaling  a  full,  early  cyclic,  stress  strain  curve.  Results  of 
such  scaling  and  calculation  are  shown  in  Fig.  3.  Here  values  of 
L  are  measured  out  to  the  proportional  limit,  which  should 
correspond  to  the  endurance  limit. 
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LCF  -  LIFE  FACTOR  L  =  (e.Ar,-l) 


Pig.  3  —  LCF  life  factor  values,  derived  from  full  cyclic  stress  strain  curves, 
are  plotted  on  the  stress  scale  of  Fig.  1  for  the  various  materials/conditions 


Two  sets  of  AomJX  vs.  L  data  are  shown.  The  one  marked  by  x 
symbols  is  from  s t r e s s -s t r a i n  curves  measured  for  earlier  crack 
propagation  modeling  [8].  For  best  precision  these  were  run  at  a 
slow  machine  head  speed,  0.02  in/mi n.  The  second  curve,  marked 
by  solid  circles,  is  from  measurements  of  a  cyclic  envelope 
during  the  fatigue  test  at  10X  this  speed,  0.2  in/min.  Unfortu¬ 
nately,  it  was  necessary  to  heat-treat  additional  material  for 
the  LCF  test  program.  As  a  consequence,  all  L-value  determina¬ 
tions  at  the  higher  strain  rate  are  also  of  the  second  heat 
treatment  batch.  We  believe  the  different  batches  of  heat  treat¬ 
ment  had  no  signficiant  effect  on  these  results.  The  curves 
drawn  through  each  of  the  A a„„ _  vs.  L  data  sets  favor  the  higher 
strain  rate  set,  as  more  nearly  approaching  the  loading 
frequencies  of  the  notch-stress  controlled  fatigue  tests. 

It  should  be  noted  that  the  tensile  stress  oj  which  was  used 
in  Eq.  2  to  calculate  L-values  reflects  the  strength  differential 
effect  in  each  alloy.  The  factor  used,  shown  in  Table  III  as 
SDF,  is  the  divisor  of  the  total  stress  excursion  which  yields 
the  tensile  portion  for  each  test.  For  present  comparisons,  the 
total  stress  excursion  is  measured  from  the  extreme  compressive 
toe  of  the  cyclic  curve  as  illustrated  in  Figure  2. 

Referring  back  to  the  endurance  data,  the  curves  shown  in 
Fig.  1  are  laid  on  directly  from  Fig.  3.  The  total  stress  excur¬ 
sion  scales  are,  of  course,  the  same.  The  matching  of  L  to  N( 
scales  is  at  the  same  ratios  of  Nj /L  as  found  from  the  earlier 
strain-controlled  data  modeling.  This  assumption  neglects 
differences  between  the  cyclic  wave  forms  and  frequencies  of  the 
two  tests,  thought  to  be  relatively  minor  ones  for  the  purpose  of 
establishing  a  basis  of  comparison. 

Regarding  a  correspondence  of  between  L  and  Nj  ,  the  three 
conditions  of  highest  (0.20%)  oxygen  are  most  definitive,  as  most 
of  the  notch  stress  data  was  collected  on  these.  In  the  range  of 
high  endurance,  the  prediction  fits  rather  nicely.  However  at 
endurance  levels  below  103  cycles,  the  tolerance  for  notch-stress 
fatigue  loading  rises  markedly.  It  is  thought  that  this  rise  may 
reflect  the  reduction  in  the  stress  concentration  factor  [S],  and 
that  this  is  more  dominant  than  the  corresponding  rise  in  the 
strain  concentration  factor.  The  effect  of  cyclic  loading  on  the 
stress  concentration  factor  is  a  further  uncertainty.  Arrows 
drawn  at  twice  the  tensile  yield  strength  level  in  each  plot 
roughly  indicate  the  onset  of  this  transition. 

CONCLUSIONS 

From  this  comparison  and  modeling  of  both  strain  and  notch 
stress  controlled  LCF  data  on  TI-6A1-4V  of  varied  oxygen  content 
and  grain  size  it  is  concluded  that: 

(1)  The  data  sets  form  a  consistent  trend  pattern  when 
cycles  to  initiation  are  compared  on  a  basis  of  total  stress 
excursion. 

(2)  Referenced  in  this  way,  values  of  the  s t r e s s -r e I  a t i ve 
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cyclic  plastic  strain  hardening  rate,  plotted  vs.  total  stress 
excursion,  nicely  interconnect  the  data  sets,  hence  provide  a 
promising  correlation  basis. 

(3)  Departures  from  these  trends  for  notch  stress  excursion 
levels  greater  than  twice  the  yield  strength  could  be  due  to  the 
effect  of  plastic  flow  on  the  elastic  stress  concentration 
factor. 
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